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Aiming at the issue of bio-fouling build-up on heat exchanger’s surface in wastewater source heat pump (WWSHP) 
systems, a novel dry-expansion shell-and-tube wastewater evaporator (DESTE) with defouling function was 
developed. Based on reasonable assumptions, a steady-state model of the DESTE was built to carry out the 
investigation, which was validated by comparing the simulation results with experimental data. The DESTE at 
different velocities of refrigerant and wastewater before and after cleaning was simulated. The simulation results, 
which included the distributions of refrigerant’s pressure, enthalpy, void fraction, heat transfer coefficient and the 
temperature of wastewater and refrigerant along the flow-line before and after cleaning, suggested that the cleaning 
can improve the performance of the DESTE effectively. The effect of wastewater flow rate and the growth of 
fouling were studied as well. The results indicated that, for the DESTE designed in this paper, the minimum 
wastewater flow rate was 51×10-5·m3·s-1 and the optimal wastewater flow rate was 63×10-5·m3·s-1; the optimal 








. All these results can be used as a key reference 




In China, with the rapid development of economy and the improvement of people’s living standard, energy shortage 
is getting more and more serious. Therefore, alternative energy sources or improved energy utilization methods 
should be more actively developed. In past decades, municipal wastewater with little temperature fluctuation has 
been widely used as heat source/sink of wastewater source heat pump (WWSHP) for space cooling and cooling 
(Yoshii, 2001). In comparison with air source heat pump (ASHP), the application of WWSHP system for 
cooling/heating can save 34% of energy consumption and reduce 68% of CO2 emissions and 75% of the nitrogen 
oxides production (Baek et al., 2001). Beside municipal wastewater, in many special places, such as wastewater 
treatment plants, the bath and swimming pool (Baek, 2005; Lamand and Chan, 2001), oilfield (Tang and Zhuang, 
2000), pharmaceutical factory, brewery, hospital, there are much high-temperature wastewater which contain much 
waste heat and can be used as heat source of heat pumps. The energy recovered from the wastewater can meet the 
heating/cooling requirements of all these plants economically (Holmgren, 2006). 
 
Unfortunately, during the waste heat recovery process, the performance of wastewater heat exchanger would be 
deteriorated by the bio-fouling build-up on heat exchanger’s surface due to the dirt contained in wastewater. 
Currently, the majority of wastewater heat exchangers are cleaned through shutting down the system and removing 
the bio-fouling manually. Some wastewater heat exchangers have a mechanically cleaning function but for 
indirect-type WWSHP system. Indirect-type WWSHP system is not only complex but also low-efficient in energy 
utilization, because a circulating loop is requested. On the contrary, the direct-type WWSHP system is not only 
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simple but also with 7% higher energy efficiency than indirect system (Li and Chen, 2002), therefore, the 
direct-type system has become the development goal of the WWSHP system.  
In this paper, a novel dry-expansion shell-and-tube evaporator (DESTE) with defouling function is proposed for 
direct-type WWSHP system (Jiang, et al., 2009). It realizes heat exchange directly between refrigerant and 
wastewater and can remove the bio-fouling easily, thus cuts down the initial and operation costs. To research on the 
performance of the DESTE, a steady-state model was used to calculate the temperature distribution of wastewater 
and refrigerant along the flowing route, the variation of phase and heat transfer coefficient of refrigerant were also 
researched. The performance of DESTE at different flow rates of wastewater and refrigerant, different bio-fouling 
resistant were simulated. To test the physical validity of the calculation results, experimental study at different 
wastewater temperatures were performed. The heat exchange capacity of the DESTE during the long-term test and 
that after de-fouling were presented. 
 
2. STRUCTURE DESCRIPTION 
 
The novel dry-expansion wastewater evaporator includes tube side and shell side, as shown in Figure 1. Refrigerant 
flows in tube side and wastewater flows in shell side. Heat exchange tubes are installed in and can be pulled out 
from the shell. Different from the conventional shell-and-tube heat exchanger, all baffles were not welded to the 
shell but connected onto a rotatable screw axis at the center of the DESTE unit. The screw axis was supported by 
bearings on both ends of the evaporator, and stretched out at the right end where a manual rotating wheel was 
installed. Each baffle was connected with the central screw axis through an embedded screw nut. Owing to the 
screw translation, the baffle could move along the tubes of the DESTE when turning the screw axis; meanwhile, the 


















Figure 1: Schematic representation of a novel dry-expansion shell-and-tube evaporator.
 
3. EXPERIMENTAL STUDY 
 
3.1 Experimental setup and test instruments 
To research the performance of the DESTE, an experimental heat pump for water heating was developed (see 
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Figure 2). The experimental WWSHP consisted of four main sub-systems: wastewater collection, heat pump, hot 
water heating, and data acquisition and control. The heat pump used the novel evaporator with defouling function to 
recover heat from waste bath water. The detailed configuration of the setup is listed in Table 1. Major test 
instrument are listed as follows: 
 Platinum-resistance thermometers (ºC), Range: -50~500, Accuracy: ±0.1 
 Flow meter (m3h-1), Range: 0-10, Accuracy: ±2.0% 
 Current sensor (A), Range: 0-20, Accuracy: ±0.2% 
 Voltage sensor (V), Range: 0-400, Accuracy: ±0.2% 
 
Table 1: Detailed configuration of test equipment 
Name Type Specification 
Compressor Hermetic piston compressor  Nominal supply current of 5.3-5.6A and voltage of 
220-240V 
Condenser Brazed plate heat exchanger Heat transfer area: 0.032 m
2
 per piece; total number of 
heat transfer plate: 36 pieces 
Expansion valve Thermal expansion valve  















































Figure 2: Schematic for the wastewater source heat pump 
1-compressor; 2-expansion valve; 3-plate condenser; 4-hot water pump; 5- HWST; 6- dry-expansion shell-and-tube 
evaporator (DESTE) with defouling function; 7-wastewater pump I; 8- wastewater pump II; 9- WST; 10-filter 
 
A series of experiments were conducted in a spa center in China, Shenzhen. The operation performances of the 
DESTE at different flow rates, different wastewater temperatures were tested. 
 
3.2 Long-term performance of the dry-expansion evaporator affected by bio-fouling build-up 
A 30-day test was conducted to investigate the performance of WWSHP affected by the bio-fouling build-up (Shen, 
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et al, 2012). Figure 3 shows the variation of daily averaged heat exchange capacity of the evaporator during the 
testing period. As seen, the capacity dropped from 8.2 to 5.8 kW over the 30-day test, i.e., a 29.3% reduction. This 
clearly demonstrated the negative effect of bio-fouling growth on heat exchange capacity. This result suggested that, 
the suspended substance and biological matter contained in the waste bath water would lead to bio-fouling on the 
heat exchanger surface, resulting in gradual reductions in both heat exchange capacity and the operating 
performance of this studied WWSHP. A regular cleaning for the heat exchanger surface would be necessary to 
ensure that the WWSHP was operated at its design capacity with a satisfactory COP. 
 
A cleaning operation was conducted immediately after the 30-day long testing period. To evaluate the effectiveness 
of removing bio-fouling build-up using the novel evaporator, the recorded operating parameters of the WWSHP in 
three consecutive water heating processes before and after the cleaning operation were comparatively analyzed. The 
heat exchange capacities of the novel evaporator before and after cleaning are compared in Figure 4. It can be found 
that the averaged heat exchange capacity increased from 5.8 kW before cleaning to 8.0 kW after cleaning, which 
was 97.6% of the daily averaged heat exchange capacity of 8.2 kW recorded on the first day of the 30-day testing. 
This suggested that the heat exchange capacity of the novel evaporator could also be basically restored after wiping 
off the bio-fouling from the evaporator surface. 
 
  
Figure 3: The variation of daily averaged heat exchange 
capacity of the novel evaporator during 30-day test 
Figure 4: The heat exchange capacity of the 
novel evaporator during three water heating 
processes before/after the cleaning 
 
Figure 5: The variations of operation parameters tested at different wastewater flow rates
 
3.3 Performance of the dry-expansion evaporator at different flow rates of wastewater 
Figure 5 shows the variations of operation parameters tested at different flow rates of wastewater passing through 
the DESTE, including evaporating temperature, temperature difference of the waster at the inlet and outlet of the 
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DESTE, heat exchange capacity of the DESTE and the COP of the WWSHP. It can be found that different flow 
rates of wastewater affected the performance of the DESTE greatly. 
 
4. MATHEMATICAL MODEL DEVELOPMENT AND ITS VALIDATION 
 
A steady-state model was built based on the conservation equations of energy, mass and momentum (Shen, 2009) to 
carry out the numerical study on the DESTE. An algorithm to solve the model of the DESTE was developed as well 
(Shen, 2011). In order to verify the developed algorithm and model, a WWSHP test rig using the DESTE as an 
evaporator was built in the special-economic-zones of Shenzhen, China. The geometrical characteristics of the 
evaporator are presented in Table 2. Totally, 8 sets of data measured at different wastewater flow rates of the 
DESTE (shown in Figure 5), and 13 sets of experimental parameters tested at different wastewater and refrigerant 
temperatures at the inlet of DESTE (shown in Table 3) were compared with the calculated results.  
 
Table 2: Geometrical characteristics of the sample unit simulated 
Diameter of shell D  ( m ) 0.22 
Length of each tube L ( m ) 1.1 
Total number of tubes 80 
Baffle plates pitch B  ( m ) 0.07 
Tube center distance S  ( m ) 0.02 
Outer diameter of tube 
od  ( mm ) 10 
Inner diameter of tube 
id ( mm ) 8 
Number of tube side 2 
Heat-transfer area (
2m ) 2.38 
 
Table 3: Test conditions of the DESTE for validation of the model 
case 
Wastewater flow rate 
of the DESTE, (m
3
/s) 
Inlet temperature (ºC) 
Refrigerant wastewater 
1 0.00075 4.1 18.2 
2 0.00075 4.8 20.5 
3 0.00075 5.2 21.5 
4 0.00075 5.9 23.6 
5 0.00075 5.7 23.3 
6 0.00075 6.3 24.6 
7 0.00075 6.2 24.1 
8 0.00075 6.7 24.9 
9 0.00075 7.4 26.7 
10 0.00075 7.5 26.9 
11 0.00075 8.4 29.3 
12 0.00075 8.7 30.4 
13 0.00075 9.2 31.8 
Comparison between the calculated results and the experimental data (as shown in Figure 5(c)) shows that they are 
coincided with each other well with the maximum deviation was 8.3%, even though some factors were neglected in 
the model but unavoidable in the experiment. 
 
As indicated in Figure 6, the maximum deviation for the experimental and numerical refrigerant temperature at 
outlet of evaporator was ±2.4ºC. Meanwhile, Figure 7 shows that the numerical and experimental results for the 
heat exchange capacity lay within the ±3.8% in the range of 5.2-5.7 kW. These indicated an excellent agreement 
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between the experimental and numerical results, thus verifying the algorithm and model developed.  







































































Figure 6: Comparison between the experimental and 
calculated refrigerant temperature at outlet of DESTE 
Figure 7: Comparison between the experimental and 
numerical heat exchange rate of DESTE 
 
5. RESULTS AND DISCUSSION 
 
A series of simulation study were carried out based on the verified model to investigate the operation performance 
of the DESTE, which are helpful for further insights for the DESTE but could not realized by experimental study. 
In this section, the numeral results are presented and analyzed.
 
5.1 Refrigerant performance with different refrigerant flow rates 
The steady-state model was used to simulate the performance of the DESTE unit with a defouling function. Its 
simulation conditions are presented in Table 4: Three cases at different refrigerant flow rates after cleaning. The 
results are shown in Figures 8-11.  
 
Table 4: Simulation conditions of the dry-expansion shell-and-tube evaporator (DESTE) 
Case 
Refrigerant 













1 0.0593 0.00075 9 24 √  
2 0.0791 0.00075 9 24 √ √ 
3 0.0988 0.00075 9 24 √  
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Figure 8: The pressure of refrigerant along 
refrigerant flow-line. 
Figure 9: The void fraction of refrigerant along 
refrigerant flow-line. 
 
Simulation results of the DESTE after cleaning, described in terms of the pressure of the refrigerant along the tube 
at three different refrigerant flow rates, are shown in Figure 8. As seen, the pressure drop of the refrigerant was in 
direct proportion to the refrigerant flow rate, which can be explained by that an elevated flow rate of refrigerant 
would cause an increased friction factor. However, when compared with the inlet pressure of refrigerant of 401.22 
kPa, the maximum pressure drop 0.34 kPa was such small that it can be neglected. Therefore, the evaporating 
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temperature in the evaporator can be assumed to be constant.  
























Mr = 0 .0593kg/ s
Mr = 0 .0791kg/ s


























Figure 10: The average enthalpy of refrigerant along 
refrigerant flow-line 
Figure 11: The temperature of refrigerant along 
refrigerant flow-line 
 

























. Hence, it was 
evident that in the inlet section of refrigerant, the void fraction increased to 0.9 (L=0.14m) rapidly. In the latter 
sections of the evaporator, the void fraction increased slowly but kept high, which was ( 0.9  ). 
 
The average enthalpy of the refrigerant distribution at different refrigerant flow rates is shown in Figure 10. It 
indicates that the average enthalpy of the refrigerant increased linearly in two-phase region (x<1) along the tube and 
the rate of increase was larger at a larger refrigerant flow rate. While in overheat region, it increased slowly and the 
rate of increase was much smaller than that in the two-phase region. Two reasons cause this phenomenon: one was 
the temperature difference between refrigerant and tube wall is small in overheat region; the other was the heat 
transfer coefficient in this region was lower than in tow-phase region (see Figure14). 
 
Figure 11 describes the refrigerant temperature distribution along the tube at different refrigerant flow rates. The 
larger the refrigerant flow rate was, the longer the two-phase region was, in correspondence to which, the shorter the 
overheat region became. When the refrigerant flow rate reached to 0.0988kg/s, the overheat region disappeared, 
indicating that it was the maximum flow rate of refrigerant for the DESTE designed in this paper. 
 
5.2 Performance of the DESTE before and after cleaning 
The temperature distributions of refrigerant/wastewater and the variation of heat transfer coefficient of refrigerant 
before and after cleaning were investigated in this section. The simulation conditions are given in Table 4 (case 2). 




K/W was assumed before cleaning which was the maximum value 
recommended by the Tubular Exchanger Manufacturers Association, USA (TEMA). The results are presented in 
Figures 12 and 13. 
 
As seen in Figure 12, there was no overheat region of refrigerant in the whole evaporator before cleaning, however 
the overheat region appeared after cleaning with the same refrigerant flow rate. It indicates that fouling on the 
tube’s surface affected the heat transfer seriously and an effective cleaning was necessary for the wastewater heat 
exchanger to ensure that the refrigerant was gaseous at the outlet of the evaporator, which was required to protect 
the long service life of the compressor. 
 
The temperature distributions of wastewater before and after cleaning are presented in Figure 13. As shown, the 
temperature of wastewater decreased before cleaning much faster than that after cleaning in the near-inlet sections 
of wastewater flow-line (serial number<18). It can be explained that although the thermal resistance of bio-fouling 
was removed after cleaning, due to the improved total heat transfer coefficient after cleaning the refrigerant at the 
near-outlet sections became gaseous (overheat region), where the heat transfer coefficient of the refrigerant was low. 
Thus the total heat transfer coefficient in the near-outlet sections of the refrigerant flow-line became lower. 
Therefore along the flow line of the wastewater, the wastewater passing through this area couldn’t be chilled well 
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(shown in Figure 13: the overheat region). Totally, the temperature of wastewater was higher after cleaning than 
before cleaning in the near-inlet sections of the wastewater flow-line. In the latter sections (serial number >18) the 
wastewater temperature after cleaning decreased much faster than that before cleaning, till the wastewater 
temperature after cleaning was lower than before cleaning in the near-outlet sections of the wastewater flow-line 
(serial number >30). 














































Serial number along the wastewater flow-line  
Figure 12: Temperature distributions of refrigerant 
along refrigerant flow-line before and after cleaning. 
Figure 13: Temperature distributions of wastewater 
along wastewater flow-line before and after cleaning. 
 
The variations of heat transfer coefficient and dryness of the refrigerant along the refrigerant flow-line before and 
after cleaning were shown in Figure 14. The physical processes in the system could be interpreted as follows. After 
cleaning: The heat transfer coefficient of refrigerant decreased rapidly in the near-inlet sections of refrigerant 
flow-line (x<0.18), with the dryness increase (0.18<x<0.52) it decreased slowly, when x=0.52, the heat transfer 
coefficient reached the minimum value; when 0.52<x<0.92, the heat transfer coefficient of refrigerant increased 
with the increase of the dryness of refrigerant along the flow-line; when x increased from 0.92 to 1, the heat transfer 
coefficient decreased rapidly to a low value, when the refrigerant went into the overheat region. In the overheat 
region it kept a constant low value approximatively. The variation of heat transfer coefficient with the dryness (x) 
before cleaning was similar with that after cleaning. Because there was no overheat region before cleaning, the heat 
transfer coefficient of refrigerant kept being high relatively, but due to the thermal resistance of fouling existing 
outside the tube, the total heat transfer coefficient of the heat exchanger before cleaning was lower than that after 
cleaning. 







































heat transfer coefficient after cleaning
heat transfer coefficient before cleaning
dryness after cleaning
Gs = 0. 00075 m3/s





Figure 14: The heat transfer coefficient of refrigerant before and after cleaning 
 
5.3 Performance of the DESTE with different wastewater flow rates 














. With the increase of wastewater flow rate, the wastewater temperature at the outlet of 







, it is in two-phase region, so the refrigerant temperature at the outlet kept 9ºC, 
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, the refrigerant temperature at the outlet of DESTE increased rapidly with the 







both outlet temperature and enthalpy of refrigerant increased slowly with the increasing of wastewater flow rate, 
indicating that the maximum of the heat exchange capacity of the DESTE with the designed size was reached up to. 
 
According to the analysis above, for the DESTE with the designed size in this study at the refrigerant flow rate of 
0.0791 kg.s
-1






 (ensuring the refrigerant at the outlet of the 






 (a larger wastewater flow rate couldn’t 
enhance the heat exchange capacity obviously).  
 
Table 5: The performance of  the DESTE under different wastewater flow rates after cleaning. (The temperatures of 
wastewater and refrigerant at the inlet of the DESTE were Ts,in=24ºC and Tr,in=9ºC, respectively) 
 
5.4 The effect of the growth of fouling on the performance of the DESTE 
Table 6: Performance of the DESTE with the growth of fouling  






; Mass flux of refrigerant: mr=0.0791kg·s
-1
; The wastewater/refrigerant 












0 5 10 15 20 25 30 35 40 45 50 
x 1 1 1 1 1 0.99 0.98 0.96 0.95 0.92 0.9 
Q(kW) 15.5 15.4 15.35 15.23 15.2 15.12 14.96 14.71 14.48 14.18 13.84 
△Q(kW) —— 0.1 0.05 0.12 0.03 0.08 0.16 0.25 0.23 0.3 0.34 
Hr,out( kJ·kg
-1
) 408.2 406.6 406.3 404.3 404 403.2 400.9 397.7 394.62 389.68 385.9 
 
The performance of the DESTE with the growth of fouling is presented in the Table 6. With operation time, more 
and more fouling grew outside the tubes, which affected the heat transfer between wastewater and refrigerant badly. 
The result shows that the heat exchange capacity decreased with the growth of the fouling. But when the thermal 








, the effect of fouling on heat exchange was acceptable (the heat 











































1 0.0791 39 13.793 —— 15.6 9 385.7 
2 0.0791 42 14.29 0.497 15.9 9 392.1 
3 0.0791 45 14.828 0.538 16.1 9 399.6 
4 0.0791 48 15.118 0.29 16.5 9 403.4 
5 0.0791 51 15.158 0.040 16.9 9 403.9 
6 0.0791 54 15.226 0.068 17.3 9.4 404.3 
7 0.0791 57 15.349 0.123 17.6 11.6 406.3 
8 0.0791 60 15.403 0.054 17.9 12 406.6 
9 0.0791 63 15.5 0.097 18.1 13.7 408.2 
10 0.0791 66 15.501 0.001 18.4 14 408.2 
11 0.0791 69 15.544 0.043 18.6 14 408.4 
12 0.0791 72 15.545 0.001 18.8 14 408.4 
13 0.0791 75 15.546 0.001 19.1 15.4 408.4 
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reduced by 0.16-0.34kW when the thermal resistance of fouling increased by 5×10-5.m2.K.W-1). This result could 








, the outlet refrigerant was in overheat 








, the outlet refrigerant was in tow-phase region, caused by the growth of 
fouling which increased the total thermal resistance of the DESTE. The effect of fouling on the enthalpy of 
refrigerant at the outlet (Hr,out) was the same with that on the heat exchange capacity, which is also shown in Table 6. 
Above results show that to keep the evaporator work at maximum efficiency (at operation conditions given in Table 












A novel shell-and-tube wastewater evaporator with defouling function, namely DESTE, was developed, and its 
performance was investigated based on experiment and simulation study. The key conclusions are as follows. 
 Maximum refrigerant pressure drop in the DESTE was 0.34 kPa. The average enthalpy increased linearly in 
two-phase region and increased slightly in overheat region along the refrigerant flow-line. However, the void 
fraction increases rapidly at the near-inlet sections of refrigerant flow-line, but slowly in latter sections. 
 Along the wastewater flow-line, the wastewater temperature decreased more slowly after cleaning than before 
cleaning in the near-inlet sections of wastewater flow-line, but in the other sections the wastewater 
temperature after cleaning decreased faster than that before cleaning. The wastewater temperature at the outlet 
of the DESTE after cleaning was lower than that before cleaning. 
 For the DESTE with the designed size in this study, when the mass flux of refrigerant mr= 0.0791kg·s
-1
, the 
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